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WORKSHOP  SUMMARY 


\ 

'  J 

The  purpose  of  this  workshop  was  to  bring  together  in  an 
informal  setting  individuals  actively  involved  in  ion  mixing, 
and  individuals  working  on  high  dose  ion  implantation  and  its 
application  to  the  improvement  of  surface  properties  of  solids. 
The  objectives  of  the  workshop  included.: 

1)  ^Outline  present  understanding  of  the  basi 

physical  processes  underlying  ion  mixing.  ' 

t  . 

Compare  the  approach  of  ion  mixing  to 

that  of  high  dose  ion  implantation. 

r 

3)  ^Assess  the  areas  of  greatest  potential 

practical  applications  for  ion  mixing. 

4)  ^Identify  critical  areas  on  which  future 

investigations  should  focus. 

■T 

Summaries  of  the  individual  contributions  presented  at  tin 
workshop,  along  with  the  key  illustrations,  follow  this  workshe 
overview. 

The  workshop  was  primarily  concerned  with  mixing  phenomena 
observed  for  ion  energies  of  about  L>0  to  500  keV.  There  is 
general  agreement  that  the  implantation  of  an  ion  into  a  solid 
initiates  atomic  redistribution  by  a  number  of  processes  as  £ o 

—  1  O 

Ballistic  mixing  occurs  on  a  time  scale  10  sec  and  contain, 
those  processes  that  can  be  explained  on  the  basis  of  enernetie 
displacements  v  i^h  rr  .  <.t  in  atomic  rearrangements  in  the  soli 
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These  processes  are  athermal.  In  addition,  other  processes  can 
contribute  to  the  mixing  in  amounts  which  may  depend  on  tempera¬ 
ture.  The  present  consensus  is  that  the  well-established  processes 
described  as  radiation-enhanced  diffusion  are  insufficient  to 
explain  the  observations.  Radiation-enhanced  diffusion  implies 
that  a  temperature  dependence  of  mixing  will  correlate  with  a 
flux  dependence  and  in  the  cases  examined,  flux  dependences  have 
not  been  observed.  This  suggests  that  processes  within  the 
immediate  vicinity  of  a  cascade  may  dominate. 

The  available  experimental  evidence  is  consistent  with  the 
existence  of  two  temperature  regimes.  At  low  temperatures,  the 
variation  in  mixing  with  temperature  is  weak.  The  amount  of 
mixing  observed  there,  however,  varies  noticeably  between 
different  systems.  Attempts  to  identify  this  temperature- 
independent  mixing  with  ballistic  processes  only  are  inadequate 
in  two  respects:  i)  .  small  changes  in  masses  between  two  systems 
are  found  to  produce  larger  variations  in  mixing  than  can  be 
explained  by  ballistic  contributions;  ii)  theoretical  calcula¬ 
tions  of  the  amount  of  mixing  are  numerically  too  uncertain  to 
reliably  identify  ballistic  mixing.  At  high  temperatures,  the 
mixing  increases  with  temperature.  However,  the  temperature 
ranges  accessible  so  far  have  been  too  small  to  clearly  estab]ish 
the  activated  nature  of  that  dependence. 

There  are  indications  that  thermodynamic  arguments  may  be 
able  to  explain  and  possibly  predict  the  formation  of  metastable 
phases  by  ion  mixing.  Key  factors  are  that  the  number  of  atoms 
involved  in  a  cascade  and  the  cooling  time  is  long  enough  so  that 


thermodynamic  states  can  be  defined  on  a  local  scale.  Free 
energy  diagrams  and  characteristic  times  for  nucleation  the--; 
should  predict  which  phases  will  form.  For  altering  surface 
layer  properties  of  solids  (surface  ennoblement),  ion  mixing 
has  several  advantages  over  ion  implantation: 

1)  Much  larger  changes  in  concentration  for 
the  same  irradiation  dose. 

2)  Much  reduced  influence  of  sputtering. 

3)  Insensitive  to  ion  species. 

4)  Facility  in  new  phase  formation  (metastablc, 
crystalline,  amorphous). 

Promising  and  critical  areas  for  future  studies  should 
l nc 1 ude : 

1)  Both  experimental  and  theoretical  studies  c  f 
the  functional  dependences  of  mixing  in  the: 
temperature-independent  regime.  There  arc 
probably  several  mechanisms  contributing  to 
the  diffusion-like  mixing  that  is  observed  in 
this  regime,  but  none  of  them  is  yet  well 
characterized . 

2)  Studies  of  molecular  effects.  These  will  help 
to  identify  non-linear  cascade  phenomena. 

3)  Development  of  models  that  explain  mixing 

that  varies  with  the  temperature  without  varying 
with  the  flux  of  the  irradiation. 

4)  Investigations  of  correlations  between  trends 
observed  in  ion  mixing  and  those  observed  in 

f 


the  dominant  moving 


thermal  processing  (e.g., 
species  in  metal-silicide  formation) . 

9)  Studies  at  the  microstructural  level  (e.g., 
in-situ  TEM) . 

6)  Investigation  of  differences  between  sequential 
and  simultaneous  deposition  and  bombardment. 

These  processes,  such  as  in  cluster  beam 
deposition  and  film  deposition  during  irradia¬ 
tion,  are  of  interest  because  of  their  possible 
economic  benefits  in  applications.  Combinations 
of  ion  mixing  with  simultaneous  deposition  may 
lead  to  rather  simple  implementations.  Low 
ion  energy,  reduced  beam  selectivity,  and  limited 
vacuum  are  all  compatible  with  the  concept  of 
ion  mixing. 

Fruitful  applications  appear  to  exist  in  wear,  oxidation , 
and  ldhesion,  particularly  on  critical  surface  regions  of 
components . 

Recent  general  references  in  the  area  of  ion  mixing 
include : 


Metastable  Materials  Formation  by  Ion  Implantation , 
MRS  Symposia  Procccdim,  Vol  .  7,  S.  T.  Picraux  and 
W.  J.  Choyke,  Eds.,  (North-Ho 1  land ,  New  York,  1 9 8 d )  . 
"Ion  Mixing",  S.  Matteson  and  M-A.  Nicolct,  Ann.  F>.v. 
Mat.  Sci.  1_3  ,  3  39  (1983). 

Proceedings  of  the  International  Conference  on  Ion  Be 
Modification  of  Materials,  Grenoble,  France,  (Septemb 
8-10,  1  982);  to  be  publ ishced  in  Nucl .  Inst  r.  &  Moth. 
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PROCESSES  AND  NOMENCLATURE 


('v  100  keV) 


Prompt  Processes  (£  1  ps)  . 

Athermal;  high  energies. 

Ballistic  mixing. 

noninteracting  collisions  ("linear  cascade") 
low  order  collisions  ("recoil  mixing") 
high  order  collisions  (isotropic  cascade  nnxin; 
interacting  collisions  (displacement  spikes,  era 
spikes ) 

Cooling  Down  Period  ( '  1  ps  and  ■-  100  ps)  . 

Thermally  assisted;  intermediate  energies;  therm,: 

Del  iy> el  Processes  (  •  1  ps  and  1  h)  . 

Thermally  activated;  low  energies. 

Radiation-assisted  Dif fusion. 

transport  by  defect  fluxes 
transport  by  enhanced  diffusion 

Persistent  Effects  (^  1  h) . 

Thermally  activated;  energies  a,  kT. 

modified  physical  and  chemical  properties 
applications 
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AD  JP°0l649 


1.  ron  Mix ing-Col 1 isiona I  Processes 


"Effect  of  Temperature,  Dose  Rate  and 
Projectile  Mass  on  Ion  Beam  Mixing*" 


R.  S.  Averback 

Materials  Science  and  Technology  Division 
Argonnc  National  Laboratory 
Argonno ,  Illinois  60439 


The  underlying  diffusion  mechanisms  involved  in  m  :■ 
mixing  of  layered  materials  arc-  proving  very  elusive.  it  j ; 
known  that  mixing  has  both  temperature  dependent  and  mde:  t  : 
dent  components,  but  theoretical  understanding  of  either  cor 
po no nt.  is  lacking.  We  have  initiated  systematic  studies  oi 
t  he  :  ••raturo,  dote- rate  and  projectile  mass  dug. enrionce'- 

mi  in  a  to  provide  a  basis  for  future  thcorc  t  ica  1  considc  ••  at  1 

A.  The  Temperature  Dependc  r*  Comronont-Radi  it  ion  Enhance  ' 

0  i_f  f_us  ion 

Prom  measurements  of  the  mixing  in  Nb-si  * 1  *  and  Ni-S  i  1 
is  i  funet  ion  of  temperatui  o ,  values  of  0.  ’«4  ,-y  and  .If,  )  •. 
:!■  i uced  for  the  apparent  activation  enthalpies  of  di::,n 

respectively.  These  results  might  suggest  that  in  the  form, 
case  (\b-Si)  long-range  vacancy  migration  controls  the  diffd 
:  :  s$;  and  in  the  latter  (Ni-Si)  fast  interstitial  atoms  o 

the  d  tnant  factor.  Simple  chemical  rate  theory  shows  th  <♦ 
an  interpretation  implies  that  the  mixing  should  also  doper; 
d  s,  -t  n‘  For  both  Ni-Si  and  Nb-Si ,  however,  the  measured 
thicknesses  of  the  mixed  layers  were  not  affected  by  a  chain 
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a  factor  of  ten  in  the  dose-rate,  whereas  the  rate  theory 
predicts  that  the  thicknesses  should  have  changed  by  a  factor 
of  a,  1.8.  The  null  results  suggest  that  the  temperature 
dependent  component  of  mixing  is  determined  predominately  by 
intra-cascade  effecns  and  not  by  long  range  migration  of 
defects.  These  intra-cascade  effects  may  be  associated  with 
the  individual  cascades  themselves,  or  result  from  the  super¬ 
position  of  cascades  onto  already  highly  ion-damaged  material. 

An  example  of  such  a  temperature  dependent  intra-cascade  effect 
is  the  thermally  stimulated  collapse  of  point  defects  produced 
in  the  cascade,  into  dislocation  loops. 

D .  Temperature  Independent  Component  -  Collisional  Effects 

Measurements  of  mixing  at  liquid  helium  temperature,  where 
defect  motion  is  suppressed,  provide  information  about  the 
athermal,  or  collisional  aspects  of  mixing.  It  was  observed 
that  in  Pt-Si  bilayers,  the  mixing  at  4.2  K  was  not  solely  a 
function  of  the  deposited  damage  energy  (i.e.  collisional 
energy) ,  but  also  a  function  of  the  energy  density  in  the 
cascades.  By  irradiating  with  projectiles  varying  in  mass  from 
4  amu  to  84  nmu  the  energy  density  in  the  cascades  was  syste¬ 
matically  increased.  It  was  observed  that  increasing  the 
energy  density  in  cascades  enhanced  the  effectiveness  of  mixing. 
Each  unit  of  damage  energy  deposited  by  275-keV  Kr  ions  was 
four  times  as  effective  as  that  for  300-keV  He  ions.  This  result 
and  the  fact  that  300-kcV  He  irradiation  produces  some  cascades 
in  addition  to  many  low  energy  recoils  (25%  of  the  damage  energy 
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for  300-keV  He  in  Pt  is  deposited  in  primary  recoils  over 
x  7  keV) ,  suggest  that  most  of  the  mixing  arises  from  co¬ 
operative  phenomena  within  a  cascade  rather  than  to  numerous 
but  individual,  low-energy  collisions.  These  results  a  re 
consistent  with  a  'thermal  spike'  model  of  mixing.  They  ecu 
have  important  implications  for  materials  modification  con¬ 
siderations,  since  a  thermal  spike  mechanism  lends  validir y 
to  the  concept  of  a  super-fast  quench  of  microscopic  volumes 


★ 
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Table  1.  Effect  of  temperature  and  dose-rate  on  mixing  in  Ni-Sl  and  Nb-Sl. 

The  table  shows  that  there  Is  a  strong  temperature  dependence  In 
lon-beam  mixing,  but  no  dose-rate  dependence.  The  results  suggest 
that  mixing  is  predominantly  an  intra-cascade  effect. 


Target 

Temp 

Dose-Rate* 

2  >  ** 

Axz/ $ 

00 

(pA/cm^) 

(arbitrary  units) 

Ni-Si 

10 

7.9 

1.05 

373 

7.9 

2.47 

373 

0.71 

2.34 

Nb-Si 

293 

7.0 

2 

293 

0.65 

2 

600 

7.9 

41.0 

600 

0.72 

41.0 

*300-keV  Ar 
**Nb-Si  and  Ni 

-Si  are  independently 

normal ized . 
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Fig.  2. 


RBS  spectra  of  Ni-Si  bilayers  before  and  after  irradiation  at  373  K. 
with  300-keV  Ar.  The  dose  for  each  irradiation  was  1.2  x  10^/cm^, 
but  the  dose-rates  were  0.71yA/cm  and  79pA/cra^.  No  effect  of  dose- 
rate  is  observed. 
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3.  Damage  energy  depth  profiles  for  various  ion  irr 


Frac*(i©**l  Damage  Encrjy 


JWsfc)  pT  Jjiej) 


Ep) 
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t(«vJ 


Recoil  energy  distribution  function.  This  plot  shows  the  fraction 
of  the  total  damage  energy  deposited  in  Pt  resulting  from  primary 
recoils  below  energy  T. 


TEMP  =10  K 

ION  ENERGY  ~  300  keV 


Mixing  efficiency  as  a  function  of  ion  mass  in  Pt-Si  bi  layers  at 
10  K.  This  plot  shows  that  as  the  mass  of  the  irradiation  partic 
is  increased  and  correspondingly  the  energy  density  in  cascades  i' 
increased,  the  effectiveness  of  each  unit  of  damage  energy  for 
inducing  mixing  is  also  increased.  The  efficiency  for  Kr 
irradiation  was  arbitrarily  set  equal  to  l.o. 
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"Models  of  Ion  Mixing" 

S.  Matteson 
Texas  Instruments  Incorporated 
Dallas,  Texas  75265 

\ 

The  phenomenon  of  ion  mixing  has  many  facets  which  are  not 
as  yet  well,  fully,  and  accurately  described  in  theory.  Two 
general  classes  of  models  have  been  proposed: 

(1)  Equilibrium  models  which  describe  transport 
resulting  from  thermal  oscillation  of  the 
atoms  in  a  high  concentration  of  defects; 

(2)  Ballistic  models  in  which  the  transport  is 
the  product  of  the  radiation  damage  itself. 

\ 

V 

Radiation  enhanced  diffusion  (RED)  is  a  description  of  the 
transport  in  terms  of  standard  diffusion  greatly  enhanced  by  tfV 
increased  concentration  of  defects  (with  respect  to  thermally 
generated  defect  concentrations)  which  are  necessary  for  dif¬ 
fusion  to  occur.  Radiation  induced  segregation  is  an  extension 
of  RED  which  emphasizes  the  aradient  in  the  defect  concentra¬ 
tion  and  the  particular  boundary  conditions  that  accompany  ion 
irradiation.  Both  models  predict  a  dependence  on  temperature 
in  high  damage  rate  regimes.  The  models  are  most  important  at 

high  temperatures  (•  20°). 

/ 

At  low  temperatures  ballistic  processes  should  dominate  if 
they  are  of  sufficient  magnitude.  Recoil  mixing  attempts  to 
analyze  the  transport  as  resulting  from  the  direct  interaction 
of  the  ion  with  the  atom;  the  model  is  characterized  as 
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anisotropic,  predicting  drifts  in  the  centroids  of  char;- 
impurity  distributions.  Collision  cascade  mixing  treats  the 
transport  as  a  random  walk-type  problem  in  which  the  atom  is 
displaced  many  times  in  small  steps  in  successive  collision 
cascades.  Neither  model  has  quantitatively  described  expuri 
mental  observations  to  date  with  sufficient  accuracy.  Ilowev 
<t  re-examination  of  the  parameters  entering  the  model  rn  e.  ;  t 
ducc  better  agreement.  For  example,  the  range  of  recoil  o: 
very  low  energy  atoms  is  not  well  known  and  is  critical  to 
the  models. 

While  the  detailed  models  are  inadequate,  it  seems  wvli 
justified  by  experimental  evidence  to  use  a  d i f f us  ion- 1 ikv 
treatment  with  appropriate  drift  terms.  Those  ad  hoc  treat:’ 
have  proven  very  powerful  in  describing  observations.  is  an 
example,  the  drift  of  a  thin  Sn  layer  between  intermixing  o.  ■ 
and  Si  layers  is  explained  by  the  gradient  in  the  "diffusion 
coeff  icicnt  as  it  increases  on  going  from  Si  to  Co. 

Careful  measurement  of  the  dependence  on  the  various  •  n 
moters  is  crucial  to  an  accurate  and  quantitative  underst  an..: 
of  ion  mixing. 


Ei3y  i°Q§ 

Figure  1  Temperature  dependence  of  amount  of  intermixing  j f 

Nb  and  Si  layers  under  Si  irradiation.  The  high 
temperature  portion  of  the  curve  is  interpreted  as 
a  radiation  enhanced  diffusion.  The  low  tempera¬ 
ture  part  is  approximately  independent  of  tempera¬ 
ture  and  has  been  interpreted  as  due  to  ballistic 
phenomena.  (From  Matteson  et  al.,  Rad.  Effects, 

4_2  ,  217  (1979)  )  . 

Figure  2  Computer  simulations  illustrating  ballistic  processes 

Collision  cascade  mixing  (left)  is  a  random  walk 
problem  which  is  a  distribution  in  displacement 
lengths,  is  random  in  direction,  and  has  a  distri¬ 
bution  in  the  number  of  displacements  as  well; 
recoil  mixing  is  illustrated  on  the  right  in  which 
each  atom  experiences  only  a  few  recoils,  '  '  iften 

of  large  magnitude.  Because  of  the  much  greater 
probability  of  lower  energy  transfers  most  of  the 
recoils  are  oblique  to  the  ion  direction  (from  the 
left).  Recoil  mixing  predicts  a  shift  of  the  cen¬ 
troid  of  the  peak  with  distributions  which  are  more 
lorentzian  than  gaussian  in  shape. 

Figure  J  The  theoretical  behavior  of  thin  Ge  layers  in  a  Si 

matrix  under  Xe  irradiation  as  described  by  the 
collision  cascade  model.  The  qualitative  description 
of  nearly  gaussian  profiles  with  little  shift  in 


21 


Figure  Captions  (Continued) 


the  centroid  as  well  as  a  depth  dependence  which 
is  correlated  with  the  deposited  energy  density 
compares  well  with  experiment.  Small  shifts  are 
predicted  due  to  the  gradient  in  the  diffusion 
coef  f icient . 

Figure  4  Schematic  of  potential  of  interstitial  (left) 

and  substitutional  atom  (right)  in  a  Si  crystal. 
The  two  atom  potential  is  taken  to  be  the  Born- 
Mayer  (exponential)  potential  for  interstitials 
and  the  Lennard- Jones  potential  for  the  bound  sit 
of  a  substitutional  atom.  The  energy  required  to 
displace  an  interstitial  is  significantly  less  th 
a  substitutional  atom.  The  substitutional  at«.  m 
must  be  displaced  to  the  second  nearest  lnter.-ti* 
site  (labeled  by  letter  i) .  The  small  arrows 
indicate  increasing  potential.  Previous  ealculat. 
have  considered  only  displacement  of  substitution 
atoms.  A  significant  increase  in  the  prediction 
the  collision  cascade  model  may  result  from  the 
inclusion  of  such  an  effect,  c.g.,  in  the  case  of 
interstitial  Pt  in  Si. 

Figure  5  Calculations  of  the  redistribution  of  Sb  in  Si0_, 

during  sputter  depth  profiling  with  oxygen.  (The 
original  material  was  Si  with  a  thin  evaporated 
layer  of  Sb.)  The  lower  plot  is  the  distribution 
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(Continued) 


"Lqurc  6 


Figure  7 


at  various  time  intervals  illustrating  the  effect 
of  the  surface  erosion.  No  preferential  sputtering 
is  comprehended  in  the  calculations. 

Comparison  of  calculated  surface  concentrations  of 
Sb  and  Sb  secondary  ion  yields.  The  agreement  is 
fairly  good  for  the  assumption  of  a  SiO^  matrix 
for  the  rise  of  the  distribution.  The  fall  of  the 
distribution  is  slowed  by  the  artifact  of  Sb  ion 
pick  up  from  -.he  side  walls  of  the  sputter  crater 
and  preferential  sputtering  of  Si.  (Matteson, 

Appl.  Sunt  .  Sci.  335  (1981)). 

The  redistribution  of  a  1  nm  Sn  layer  " sandwiched " 
between  a  Co  u.d  a  Si  layer  under  360  keV  As  irradi¬ 
ation.  The  distribution  is  seen  to  shift  into  the 
fk-ri’h  layer.  Other  specimens  confirm  the  shift 
into  the  Co-rich  layer.  This  can  be  understood 
by  the  collision  cascade  model  in  which  the  "diffusion" 
coefficient  increases  dramatically  on  passing  from 
the  Si  to  the  Co-rich  layers. 
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"Spreads  and  Shifts  of  Markers  in  Ion  Mixing" 

Bruce  M.  Paine 

California  Institute  of  Technology 
Pasadena,  California  91123 

One  of  the  simplest  conceivable  sample  configurations  for 

0 

studying  ion  mixina  in  solids  consists  of  a  thin  ('  10  A) 

O 

impurity  layer  (or  "marker")  buried  several  hundred  A  dee;'  in 
an  otherwise  uniform  medium.  i;  the  mass  of  the  impurity  is 
substantially  greater  than  that  of  the  medium,  then  the  mixing 
of  the  marker  can  be  monitored  ivy  backseat,  ter  ing  spectroim  t  ;y  . 
Such  experiments  have  been  conducted  for  a  variety  of  marker 
•elements  buried  in  Si  :  lus  iivrk.t  is  buried  m  A1,  and  SiO  .  :n 
these,  the  mixinn  is  usually  characterized  by  Dt ,  the  : redact 
of  the  effective  diffusion  co*.  fficicnt  and  time  and  'x,  the 
shift  of  the  mean  of  the  marker  distribution.  In  this  pros-  r.  - 
tat ion ,  we  outline  the  general  results  of  these  experiments  to 
date,  compare  them  with  the  predictions  of  published  models, 
and  finally  comment  briefly  on  present  understanding  of  the 
mechanisms  of  the  ion-induced  mixing  that  is  observed. 

Below  room  temperature,  the  mixing  profiles  are  approximate ’  ■ 
Cnussian  for  all  marker  elements  M,  in  media  A  -  denoted  A ( M )  - 
except  Si  (Pd).  The  mixing  parameter  varies  linearly  with  f  luo'.o 
and  is  essentially  independent  of  temperature,  except  for  Si (Pi). 
Also,  Dt  seems  to  scale  with  nuclear  stopping  power  for  Si(P‘ ) 
Those  results  are  consistent  with  the  qualitative  Kinchin-Tease 
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model  of  collisional  mixing.  The  quantitative  pure-col  1  isiona  1 
models  of  Matteson,  and  Sigmund  and  Gras-Marti  are  in  fair  anno 
ment  with  the  data  for  Si(Pt).  However,  the  mean  shifts  pre¬ 
dicted  by  the  latter  authors  to  result  from  "matrix  relocation" 
events  are  in  the  wrong  direction.  If  "matrix  relocation"  even 
are  taken  to  be  suppressed  somehow,  then  the  mixing  magnitudes 
predicted  by  Sigmund  and  Gras-Marti  are  50  times  too  small. 
Mc'to  Carlo  calculations  of  shifts  in  this  system  by  Roush  <■:. 
are  in  good  agreement  with  experiment  for  both  magnitude  and 
direction . 

Above  room  temperature,  mixing  profiles  are  frequently  r.on- 
Cuussiun,  and  depend  strongly  on  temperature.  No  attempts  at 
modeling  these  phenomena  have  been  published. 

It  has  been  generally  accepted  that  the  rnixina  above  room 
tempi  rature  is  caused  by  thermal  ly-assistv  atomic  m.igrnt  ion  . 

At  lower  temperatures,  the  mixing  ma\  be  purely  coll  isiona  ]  ..r 
it  may  be  collisional  with  some  additional  transport  mechanisms 
evidence  for  such  add  it  i<  :.t!  ••  • •.  on.  *  s  ir.  \  h<  1  ..w  t  •  -noon*  u-  • 
regime  is  as  follows: 

(a)  One  system  -  Si  (Pd)  -  has  been  observed  so  far  which, 
does  not  have  Gaussian  mixing  profiles  and  for  which 
the  mixing  is  not.  independent  of  temperature  in  this 
regime. 

(b)  The  magnitude  of  the  mixing  varies  significantly, 
depending  on  which  element  is  used  as  the  marker. 

(c)  Some  of  the  T-dependent  curves  other  than  for  Si  (Pd) 


that  have  been  measured  so  far  are  not  com; 


horizontal  below  room  temperature:  there  is  a  small 
increase  with  increase  in  T. 
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'Marker  Experiments  in  Si  and  SiO^" 


A.  Barez  and  B.  M.  Paine 
California  Institute  of  Technology 
Pasadena,  California  91125 


}t^r 


i  / 

To  investigate  the  role  of  the  chemical  nature  of  the  medium 
and  the  impurity  species  in  the  ion  mixing  process,  we  have, 
measured  the  apparent  broadening  of  thin  metal  markers  in  SiO  , 
and  compared  it  with  the  broadening  of  markers  in  Si.  Samples 

g 

consisted  of  markers  of  thicknesses  of  the  order  of  '  10  A  of 

or  Pt  imbedded  in  Si,  and  of  Pt ,  W,  Hf,  Co,  II l  and  Ti  markers 
in  Si(>2 .  The  SiO,  matrices  were  prepared  by  both  chemical  vapor 
do: 'os  it  ion  (CVD)  and  chemical  oxidation  of  silicon  in  a  steam, 


a  tmosnhero 


The  samples  were  irradiated  with  300  keV  Xe  ions 


at  3 BO  K  and  analyzed  by  2  MeV  PBS  (Fig.  1).  The  efficiency  of 

■>'  | 

the  mix  mo  is  expressed  an  ,  -  the  variance  of  the  redist  r ;  - 

but  ion  of  marker  atoms  due  to  the  ion  irradiation.  The  mixinu  is 

/P 

found  to  be  indei endent  ef  the  method  of  preparation  of  the  SiO- ■ 

Furthermore,  the  values  of  for  Pt  and  W  markers  in  SiO,  arc- 

mix  2 


r; u a  1  to  within 


irstal  uncertainties  while  in  silicon 


for  Pt.  exceeds  that  for  K  by  a  factor  of  four.  For  all  systems, 
'he  v  irianoc*  increases  1  inear i  1  y  with  ion  fluence  (Fig.  2)  .  The 
mixinu  parameter  ^  ^  in  Si02  appears  to  increase  mono  tonica 1 1 y 
with  the  atomic  number  of  the  marker  species  (Fig.  3) . 

In  -ontrast,  the  amount  of  mixino  reported  previously  in  Si 
exhibits  s ion  if  icant.  quart  it  a t  ive  differences  for  elements  of 


similar  mass. 


Our  measurements  for  W  and  Pt  markers  in  50 
support  this  observation.  Note  that  Dt/ ;  of  Fig.  1  is  defined 

o 

as  1/2  .  .  Also,  note  that  the  depth  of  our  markers  is  bOO  A 

mix 

O 

compared  to  v  200  A  for  Ref.  1;  this  difference  roughly  accounts 
for  the  different  values  for  the  Pt  marker  data  in  Si. 

Different  e f f i cienc i es  for  the  ion  mixinn  process  in  Si  and 
SiC>2  can  also  be  observed  directly  from  the  asymmetric  redistri¬ 
bution  (preferentially  toward  silicon)  of  an  initially  thin  Au 
marker  located  at  a  SiO^-Si  i  nt.«  r  f  ace  and  subjected  to  ion  bomb¬ 
ardment  (Fig .  4).  These  results  suggest  that  fast-dif fusing  atoms 
(e.q.,  Au  or  Pt  in  Si)  can  experience  greater  relocation  under 
ion  irradiation ,  than  1  ess  mobile  species  (e.q.,  W)  .  in  SiO , , 
mixing  is  loss  dependent  on  t  In  chemical  rntun.  of  t  he  coker 
h'.'iMusu  of  much  lower  mobilities  of  impurities  in  general  (o.e., 
for  Au  D_  .  / D_  _  10  )  .  A  r  reliminary  mode  l  is  pro rosed 

bl  b  1  U  ■) 

accoi  d  i  no  to  which,  in  ad  lit  i  •  •  t.  o  -rompt  interactions  if. 
cascade  (two-particle  collisions),  delayed  and  extended  pertuiLa- 
t  ions  (  re  sul  tin,;  for  «.  xarnpl  •  •  f  row  either  excitations  1:  v  very  lew 
one  rgy  recoil  s  or  relax  at  ions  of  nati  ix  .items  ;c'll>'wi:v:  a  "  re: 
displacement)  may  contribute  s  i  ■  an  i  :  icar.t  1  y  to  the  oveiall  re¬ 
locations  of  marker  atoms.  The  magnitude  of  the  latter  mech  i rism 
should  thus  be  related  to  the  probability  of  thermally  activate  d 
displacements  (diffusion  coefficient). 

Permanent  Address:  Institute  of  Electrical  Technology,  . 

T.otnikdw  4  f> ,  02-<;f8  Warsaw,  Poland. 
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"Atomic  Redistribution  in  Ion  Mixing  of  Bilayer  Thin  Films 
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An  it.pai  ..tus  used  f or  in-situ  ioa  mixing  and  Rutherf  ce  d 


Backseat te 

ring  (RBS)  ana  1  ys 

i  1  s 

is  described,  and 

data 

..re 

presented 

for  thin  film  (  :  . 

"limited  sun  ply") 

strut 

tures  .  f 

the  A a- Si 

a  n  d  A  u  -  S  i  s  i  rip  1 1 

cut- 

•■otic  systems.  W< 

•  find 

cons  i  d< 

able  prefc 

rred  orientation 

in 

the  Ag  thin  films 

which 

was  net 

observed  in  the  An  films  althcuah  they  wore  sir.ilai'ly  prepared . 
This  text  urines  is  initially  iitota-  ised  by  Xc  i._.n  bomba rdner.t.  ana 
then  decreases  (loss  preferred  o:  re  nt  at  ion  j  ,  rut  even  with.  1  ;•  ‘ 
X  • cm  “  :*  i  a  r.f  i  1  I  far  f  >  .  -ad'  -m  ( F  i  a  .  1)  .  Cautr  n  in  r<  p:  .  i 
it.  bath.  RBS  a:.  i  lysis  and  du  ■  in1  t  lit'  h«.  avy  n-r.  oonbardru.  nt  to 
tv  l»!  misinterpretation  ii;  ■  to  "his  orientation  r  rob  lcm. 

yv 

Although  t  here  is  no  evidence  foi  phase  : orration  in  the 


Aq-Si  system 

(near 

room  temperature 

) ,  there 

are  largo  dif 

f  e  r  e  r.  c 

in  the  d'-gre-e 

O  f  I": 

ixinci  o!  Si  into 

Ani  (Fig. 

J)  between  40 

K  \nd 

280  K .  7h 1 s 

sugcru; 

s  t  s  the  mod y  n am  i  e 

forces 

play  a  role  in 

I;  l  n  i ■ 

i  ng  mix  i  ng  at 

room 

temperature . 

In  the  Au-Si  system,  no  difference  in  the  mixing  behavior 
of  Si  into  Au  is  observed  from  55  K  to  280  K  (Fig.  5) .  At  300  K 
however,  a  Au.Si^  metastable  phase  forms  (Fig.  6)  and  after  the 
entire  Au  layer  has  been  converted,  the  mixing  is  inhibited. 
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Growth  of  this  metastablc  phase  proceeds  linearly  with  Xe 
fluence  (Fig.  7),  suggesting  supply-limited  formation  kinetics. 
The  interplay  of  ballistic,  cascade,  and  free  energy  (thermo¬ 
dynamic  and  chemical)  effects  severely  complicate  the  evaluation 
of  ion  mixing  mechanisms. 


l'i2uro_Ca£jt  ions 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Preferred  orientation  effect  i n  evaporated.  A: 

thin  fiJm  before  irradiation  (compare  20'  higher 

"random"  love],  in  Fig.  2)  is  enhanced  by  21'. 

1  r  -  2 

after  2.3  10  '  Xe  cm  ion  fluence.  Further1 

irradiation  doses  start  to  decrease  the  degree 
of  orientation  (peak  level  rises  closer  to  "  rand’.':-" 
height)  ,  but  there  is  still  a  27 ^  difference  u_ 

10^’  Xc  cm  *■ . 

With  the  same  sample  tilted  to  minimize  the  orien¬ 
tation  i  rob.l  cm ,  some  effect  remains  ( •  2'),  out 

the  magor  f«  atures  show  inter  f  aci  al  mixing. 

Comparison  of  mixing  at  40  K  nr.d  near  rear  tec  .  : 
t.ure  by  measuring  the  mean  atom,  fraction  of  Si 
in  the  Aa-Si  mixed  layer .  Lines  serve  only  to 
(guide  the  eye.  The  ordinate  value  is  determined 
from  the  average  height  of  the  Ag  spectrum  in  the 
mixed  layer  (Ag  peak) . 

Low-temperature  mixing  of  Au  thin  film  on  Si  shows 
a  widening  concentration  gradient  at  the  interface 
along  with  a  rapidly  increasing  Si  content  through¬ 
out  the  mixed  Au  layer. 

Mean  atom  fraction  of  Si  in  the  Au-Si  mixed  film. 

At  300  K,  a  AU[_Si2  metastable  phase  is  formed  and 
appears  to  retard  the  mixing  after  '•  5  *  10j5  Xo  cm 
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Ei22E2_C22tions  (continued) 


Figure  6 


Figure  7 


At  300  K,  Si  is  seen  to  move  from  the  substrate 
into  the  Au  film  and  stepwise  produce  a  Au.-S^ 
uniform  phase  across  the  film. 

Growth  of  the  AurSi,  laver  is  shown.  Faster 
growth  at  the  high  dose  rate  may  be  due  to  loca 
heating  of  the  sample. 
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"Chemical  Influences  in  Ion  Irradiation-Induced  Mixinq" 

T.  Banwell  and  M-A.  Nicolet 
California  Institute  of  Technology 
Pasadena,  California  91125 

Ion  irradiation-induced  mixing  can  be  attributed  to  two 
principal  types  of  processes;  recoil  implantation  and  "cascade 
mixing,  bo  .h  of  which  may  contribute  significantly  in  bi layer 
mixing  experiments.  We  have  examined  the  influence  of  the 
chemical  reactivity  of  the  layers  on  these  two  mechanisms. 

For  this  study  we  chose  the  mixing  of  Ti/SiC^,  Ci /Si0o  and 
N'i/SiO.-,  bi  layers  induced  by  290  kcV  Xo  irradiation  at  irradia¬ 
tion  temperatures  of  77-759  K.  7  he  ballistic  processes  should 
be  similar  for  all  three  systems  since  the  metals  have  similar 
atomic  masses;  however ,  their  chemical  reactivities  with  SiO./ 
are  very  different.  Tit  mi urn  readily  reacts  thermally  with  SiO 
at  temperatures  above  900  K.  Chromium  reacts  with  SiO^;  tiowcv 
the  reaction  is  restricted  by  interfacial  passivation.  Nickel 
does  not  react  with  SiO^;  a  Ni  film  on  SiC>2  will  coalesce  into 

islands  after  onlv  1100  K  annealing. 

/V- 

The  projected  ranges  and  standard  deviations  for  290  keV  Xe 

n  2 

in  these  metals  arc  33  +  2  ;.q/cm  and  13  +  2  pg/cm  ,  respectively. 

2 

Metal  films  of  16,  24,  and  34  pg/cm  were  used.  The  unreacted 
metal  was  removed  with  hot  HC1  after  the  Xe  irradiation.  The 
metal  and  Xc  remaining  after  etching  were  profiled  by  2  MeV  He 
backseat  taring  spect romet ry . 


Figure  1  shows  log-log  plots  of  the  areal  density  ^ 
of  the  metal  remaining  after  etching  versus  Xe  fluence  ‘ 
for  R.T.  irradiation.  A  predominately  linear  relationship 
is  observed  for  the  Xe  fluence  range  considered,  with 
d  log l M ]  /d  log  =  0.57-0.73.  These  results  suggest  that 

r  as  cade  mixing  is  the  dominant  process  with  a  1 0-20*  contri- 
but ion  from  recoil  implantation  at  the  lowest  Xc  fluence. 

Figure  2  shows  the  backscatterang  spectra  for  the  24  ,;g/cnA 
Mi  samples  after  R.T.  Xe  irradiation  and  etching.  The  in¬ 
flections  in  the  logarithmic  plots  of  the  Ni  profiles  around. 

1.4  MeV  indicate  that  two  processes  contribute  to  Ni  transport. 
Recoil  implantation  could  produce  the  deep  linear  tail. 

Sirr.i  1  \r  features  are  observed  in  the  residual  Ti  profiles. 

Figure  1  shows  that  the  integral  of  the  Ni  counts  m  the  fixed 
;  (irt-ion  of  the  Ni  t..i  1  indicated  is  a  linear  function  of  Xc 
fluence  : for  R.T.  irradiation .  A  small  dependence  on  Ni 

A  O 

film  thickness  is  noted.  Those  results  can  also  bo  attributed 
to  recoil  implantation.  We  conclude  that  the  lone  range  trans¬ 
port  in  predominately  due  to  recoil  implantation  while  casourf  • 
mixing  dominates  transport  n<  ,1:  the  mct.nl -flio  interface. 

Fiaure  4  shows  the  effect  of  temperature  on  the  mixing  procc 
Both  Ti  and  Cr  show  enhanced  mixing  at  750  K  while'  mixing  is 
suppressed  in  Ni.  There  is  strong  correlation  between  these 
results  and  the  chemistry  associated  with  thermal  annealing. 
Figure  5  shows  the  profiles  for  Ni  and  Ti  with  10*  Xe  err, 
irradiation  at  R.T.  and  750  K.  The  intor facia  1  region  is 
strongly  affected  by  temperature  whereas  the  deep  tail  is  not. 


Nickel  irradiated  at  750  K  displays  an  exponential  tail  as  in 


Fig.  2  with  a  linear  ■■  dependence  as  in  Fig.  3,  although  the 
slope  is  30%  less.  The  influence  of  chemistry  is  again  seer, 
in  the  results  for  mixing  of  Ti/SiO^  induced  by  Xc  irradiation 
at  R.T.  and  750  K,  shown  in  Fig.  0.  The  enhanced  mixing  at 
750  K  is  eliminated  by  incorporating  20-30  at.  %  0  in  the  Ti 
layer  prior  to  irradiation.  The  extra  O  may  diminish  th' 
chemical  driving  force  in  the  Ti-SiCU  system. 

From  these  results  we  conclude  that  chemistry  has  little, 
direct  effect  on  recoil  implantation.  "Cascade"  mixing 
is  strongly  influenced  by  local  chemical  processes. 
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Ion  Mixing-Material  Processes 


"Sputtering  and  Ion  Mixinn  in  C  r  S 1  ^  • 

Temperature-  Ef feats" 

U.  Shreter 

California  Institute  of  Technology 
Pasadena,  California  91125 

Ion  mixing  and  sputter  inn  ate  influenced  by  the  same- 
transport  mechanisms  durinq  irradiation.  Both  prompt  and 
delayed  processes  are  expected  to  affect  mixing  as  well  as 
sputtering . 

It  is  known  that  mixing  of  a  Cr  layer  or.  Si  is  strongly 
temperature-dependent  above  room  temperature.  CrS^  was 
chosen  therefore  for  the  investigation  of  temperature  effects 
in  sputtering. 

Measurements  of  sputter  inn  yields  and  composition  profiles 

have  been  carried  out  using  backscatter ing  spectrometry  for 

samples  of  CrSi-,  on  Si  irradiated  with  200  keV  Xe  ions.  When 
! 

the  CrSij  layer  is  thinner  than  the  ion  range,  the  sputtering 
yield  ratio  of  Si  to  Cr  increases  from  3.5  for  room  temperature- 
irradiation  to  65  at  290°C-rv  For  a  thick  sample,  the  correspond- 

'i 

ing  increase  is  from  2.4  to  4.0  only.  These  changes  arc  explained 
in  terms  of  a  rise  in  the  Si  surface  concentration  at  290°C. 

The  driving  force  for  this  process  seems  to  be  the  establishment 
of  stoichiometric  CrS^  compound.  Transport  of  Si  to  the  surface 
is  by  ion  mixing  in  the  thin  sample  and  thermal  diffusion  through 
the  thick  layer. 
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USE  OF  FREE  ENERGY  DIAGRAMS  TO  INTERPRET 
ION  BEAM  MIXING  DATA 

7 

W.  L.  Johnson 


W.  M.  Keck  Laboratory  of  Engineering  Materials 
California  Institute  of  Technology 


■  -j 

The  interpretation  of  ion  mixing  results  involves  the  combination 

of  thermodynamic  and  kinetic  concepts.  The  use  of  thermodynamic  concepts 

implies  that  local  regions  in  the  vicinity  of  a  cascade  achieve  some  form 

of  metastable  equilibrium  during  the  relaxation  period  following  prompt 

cascade  events.  This  implies  that  within  these  local  regions,  certain 

thermodynamic  variables  have  well  defined  averages  (e.g.  temperature, 

composition,  etc.)  while  other  variables  (e.g.  long  range  order)  are 

constrained  to  assume  non-equilibrium  values  by  the  kinetic  restrictions 

imposed  during  the  relaxation  process  following  the  prompt  cascade  events. 

In  order  to  describe  the  metastable  thermodynamics,  one  can  use  free 
1-T 

energy  diagrams.  '  The  diagrams  describe  both  equilibrium  and  metastable 

7 

equilibrium  states.  For  example,  the  schematic  figure  following  describes  a 
simple  binary  eutectic  alloy  such  as  Au-Si  at  low  temperatures.  The  curves 
rt-  and  6-  represent  terminal  solutions  while  the  curve  labeled  Amorphous 
represents  an  under  cooled  liquid  alloy.  The  lower  horizontal  dashed  line 
is  the  common  tangent  of  the  a-  and  8-  curves  and  represents  the  two-phase 
a-8  equilibrium  state  between  the  terminal  solubility  limits  X^  and  X^. 

The  upper  horizontal  dashed  line  represents  a  two-phase  metastable 
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equilibrium  of  a-solution  and  amorphous  alloy.  Curves  u-  and  C-  recces on 
single  phase  metastable  extended  solutions  between  compositions  X,  and  X„ 
The  curve  labeled  amorphous  represents  another  single  phase  metastable 
state.  The  diagram  provides  a  direct  measure  of  the  free  energy  differen 
between  the  equilibrium  and  various  metastable  states.  The  downward 
vertical  arrows  represent  various  possible  steps  in  the  relaxation  behavv: 
of  a  locally  excited  region  in  the  vicinity  of  a  cascade.  The  local 
region  of  average  composition  Xj.  relaxes  from  a  very  high  energy  state 
downward  into  several  possible  final  states.  The  possible  final  states 
are  in  order  of  decreasing  free  energy:  1)  single  phase  a,  2)  single 
phase  amorphous,  3)  two-phase  a  (composition  %  X^)  and  amorphous  (com¬ 
position  Xp),  4)  two-phase  a  (composition  X^)  and  B  (composition  X^). 

We  notice  that  relaxation  processes  lead  to  final  states  of  two  types. 
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States  (1)  and  (2)  are  composi tionally  homogeneous.  We  say  that  the 
reaction  1  +  2  is  polymorphic  (involving  no  composition  changes).  Reac¬ 
tions  2+3  and  3+4  involve  compositional  segregation.  The  time  re¬ 
quired  for  nucleation  of  polymorphic  transformations  should  scale  with  the 
number  of  atoms  in  a  critical  nucleus  of  the  new  phase.  For  crystalline 
phases  with  large  complex  unit  cells  (e.g.  o-phase,  ,j-phase  etc.)  this 
time  will  tend  to  be  longer  than  for  simpler  phases  (e.g.  Cs-Cl  type) 
with  small  unit  cells  since  critical  nuclei  sires  will  tend  to  scale 
with  unit  cell  sizes.  The  kinetic  restrictions  during  relaxation  follow¬ 
ing  cascade  events  should  thus  favor  polymorphic  reactions  into  simple 
byproduct  phases.  Composi tionally  segregated  final  states  (3  and  4  above) 
require  longer  nucleation  and  growth  times  than  polymorphic  final  states 
since  atoms  in  the  nuclei  must  not  only  order  but  differentiate  composi- 
tionally  within  the  nucleus  of  eacn  new  phase.  Such  processes  require 
times  which  scale  roughly  with  the  square  of  the  number  atoms  in  a 
critical  nucleus  or  the  new  phase.  The  time  scales  for  nucleation  of  a 
segregated  state  will  thus  tend  *■  he  far  larger  than  those  for  poly¬ 
morphic  reactions.  We  can  sunrarize  by  saying  that  ion  mixing  should 
most  readily  produce  polymo-phi;  final  states  of  simple  crystal  structure 
(or  no  crystal  structure,  i.n.  amorphous).  Formation  of  complex 
crystalline  final  states  with  large  unit  cells  or  composi tionally 
segregated  final  states  should  h-  suppressed  during  relaxation  following 
prompt,  events  in  cascades.  Together  with  free  energy  diagrams,  these 


"rules"  should  allow  ore  to  predict  the  preferred  final  states  arising 
following  ion  nixinn  or  binary  layers  or  irradiation  of  binary  alloys. 
The  above  sunnary  is  brief,  a  more  detailed  discussion  will  be  published 


References  on  free  energy  diagram 


1.  R.  A.  Swalin,  Thermodynamics  of  Solids,  (John  Wiley  &  Sons,  New  York 
1962)  see  especially  Chapters  9,  10,  11. 

2.  A.  R.  Miedema,  "The  Heats  of  Formation  of  "Hoys",  Phillips  Tech. 
Rev. ,36,  217  (1976). 

3.  L.  Kaufman  and  H.  Bernstein,  Computer  Calculations  of  Phase  Diac>-amc 
(Academic  Press,  New  York,  1970)  Chapters  3  and  4. 
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"Ion  Mixing  and  Phase  Diagrams" 

S.  S.  Lau 

University  of  California,  San  Diego 
be  .Toll  a,  California  92  09  3 

j3.  X.  Liu,  M-A.  Nicolet  and  W.  I..  Johnson 
California  Institute  of  Technology 
Pasadena,  California  91125 

Interactions  induced  by  ion  irradiation  are  generally 
considered  to  be  non-equilibrium  processes,  whereas  phase 
diagrams  are  determined  by  phase  equilibria.  These  two 
entities  are  seemingly  unrelated.  However,  if  one  assumes 
that  quasi-equilibrium  conditions  prevail  after  the  prompt 
events,  subseouont  reaction:;  are  driven  toward  equilibrium 
by  thermodyn tn ic a  1  forces.  Under  this  assumption,  ion- 
induced  (-■  act  ions  •:!!•■•  > .  l.n  oi!  to  equilibrium  and  therefore 
to  phase  diagrams.  This  relationship  can  be  seen  in  the 
similarity  that  exists  in  thin  films  between  reactions  induced 
by  ion  irradiation  and  reactions  induced  by  thermal  annealing. 
In  the  latter  case,  phase,  diagrams  have  been  used  to  predict 
the  phase  sequence  of  stable  compound  formation,  notably  so 
in  cases  of  silicjdo  formation. 

A 

Ion-induced  mixing  not  only  can  lead  to  stable  compound 
formation,  but  also  to  metastable  alloy  formation.  In  some 
metal-metal  systems,  terminal  solubilities  can  be  greatly 
oxt'-rdod  by  ion  mixing.  In  other  cases,  where  the  two  con¬ 
stituents  of  the  system  have  different  c: ystal  structures, 
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extension  of  terminal  solubility  from  both  sides  of  the1  phase 
diagram  eventually  becomes  structurally  incompatible  and  a 
glassy  (amorphous)  nixture  can  form.  The  composition  range 
whore  this  bifurcation  is  likely  to  occur  is  in  the  two-phase 
regions  of  the  phase  diagram.  These  conccrjts  arc  potentially 
useful  guides  in  selecting  metal  pairs  that  form  metallic- 
glasses  by  ion  mixing.  In  this  report,  phenomenological 
correlation  between  stable  (and  metastable)  phase  formation 
and  phase  diagram  is  discussed  in  terms  of  recent  experi¬ 
mental  data. 
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BILAYER  CASE 


L25tr_case_ /e l i  dif: 


TABLE  I.  lon-Inrtuce.l  I ntrracl ions  in  Transition  Metai/S: 
Systems  (adopted  from  Ref.:  B.Y.Tsaur,  lr 
Proceed  1  -igs  of  the  Symposium  cr  Thin  Pllr.  Inter 
and  Intel  .if  t  ions ,  .1 .  E.  E.  B.vriin  and  J.  M.  P:  j 
(The  Elect rochemica 1  Society,  Princeton,  196“l, 
2,  p.  20M  . 


Metal /Si 

Ions 

Ti/Sl 

N4.  B4 

Ti  /Si 

Ar  4 , S  r  * , 
Xe4 

V/Si 

Ar4.Xr4. 

Xe4 

Cr/Si 

Ar4,Xr4, 

Xe4 

Fe/Si 

Ar4,Fr4, 

Xe4 

Co /Si 

Ar 4 ,Kr4 , 
Xe4 

Ki/Si 

Ar  4 ,  Xr  4 , 
Xe4 

Mb/Si 

At4 

Mb/Si 

Si4 

Pd /Si 

Ar4  ,Xr4 , 
Xe4 

Rf/Si 

Ar4 ,Xr4 , 
Xe4 

Ft/Si 

Ar4  ,Xr4 , 
Xe4 

M/No/Si 

As4 

Mo /Si 

As4,Ge4 

■b/Si 

As4,Ce4 

Compounds  Observed 


Phase  Formed 
by  Thermal 
Annealing 


NbsSi3 


Co. Si* 


KbSij** 


NbSi.t 


Co^Si 


WijSi 


PdjEi 


FtjSi 


WSi j/HoSi j 


NbSi . 


For  transition  metal-Si  systems,  the  first  phase 

FORMED  IS  THE  SAME  FOR  ION  MIXING  AND  THERMAL  ANNEALING. 

IM  —  THERMAL  ANNEALING 

NOW.  IS  THERE  A  CORRELATION  BETWEEN  THERMALLY  INDUCED  PHASE 
AND  PHASE  DIAGRAMS? 

Yes.  Via  the  Walser  and  Bene  rule, 

The  Walser  and  Bene  rule  states: 

"The  first  phase  formed  is  the 

HIGHEST  CONGRUENTLY  MELTING 
COMPOUND  NEAR  THE  LOWEST  EUTECTIC 
COMPOSITION. " 

EXAMPLE:  PT2Sl  IS  THE  FIRST  PHASE  FORMED  IN  PT-Sl  SYSTEM. 

N I 2S I  IS  THE  FIRST  PHASE  FORMED  IN  Nl-Sl  SYSTEM. 

For  COMPOUND  FORMING  TRANSITION 
METAL-S I  SYSTEMS 
(BILAYER  -  UNLIMITED  SUPPLY) 

IM  —  THERMAL  ANNEALING  —  PHASE  DIAGRAM 
\ _ CORRELATES _ J 

Need  metal-metal  experimental  results  to  confirm  this  correlation 


Cu-Ag 
*  Au-Ni 


STRUCTURAL  DIFFERENCE  RULE:  To  MAKE  METALLIC  glass 

IN  BINARY  SYSTEM 

(i)  Depends  only  on  crystal  structures  of  A  &  B 
(ii)  Not  on  electronegativity 
(hi)  Not  on  atomic  size 


A  %  of  B  B 


sometime  amorphous  phase 
dissociates  upon  relatively  high 
dose  irradiation. 

*MX  ks  of  h.c.p.  structure  but  is 
different  from  the  H.C.P 
metal  A  in  size. 
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SUMMARY 


1)  Generally  speaking,  if  phase  diagrams  show  immiscibility 

-  DIFFICULT  TO  MIX  BY  IONS  (i.E.  Cll-W) 

2)  Bilayer  -  Unlimited  Supply 

For  metal-Si  systems,  IM  «-*•  Phase  Diagram 

via 

Walser  and  Bene  Rule 

need  metal-metal  data 

3)  Multilayers  -  Limited  Supply 

Metallic  glass  -  chose  binary  systems  with 

different  crystal  structures, 

Generally  speaking  -  prefer  two  phase  regions. 

4)  Thin  Markers  -  Ballistic  Effect  Experiments 

Compound  formation,  therefore  phase  diagram, 

PLAYS  A  ROLE  IN  THE  SPREAD  OF  THE  MARKERS. 
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"Ion-Induced  Reactions,  in  Thin  Film  Structures  of 
AI  and  Near-Noble  Metals" 

M.  Nastasi,  L.  S.  Hung  and  J.  W.  Mayer 
Department  of  Materials  Science  and  Engineering 
Cornell  University 
Ithaca,  New  York  14853 

Thin  film  Pd/Al,  Ni/Al  and  Pt/Al  interdigitated  samples, 
either  thermally  reacted  to  form  intermctal 1 ic  compounds 
(Fig.  1)  or  left  in  their  unrenctod  state,  were  irradiated 
with  Xc  ions  to  doses  of  2  '•  10  to  2  *  10  Xe  ions/cm4. 

Only  crystalline  compounds  of  the  simplest  structure,  cP^ 
could  be  identified  by  electron  diffraction  (Fig.  2).  Compounds 
of  a  more  complex  structure'  than  cP2  decompose  upon  irradiation 
into  an  amorphous  mixture  and  elemental  constituen  ;s .  Table  1 

presents  a  summary  of  the  results  found  in  all  three  metal /Al 

_  (1) 

systems 

Whoh  Pd/Al,  Ni/Al  and  Pt/Al  bilayers  arc  ion  reacted,  P.BS 
studies  show  the  evolution  of  steps  in  the  backscattered  signals 
(Fig.  3).  Electron  diffraction  studies  of  the  mixed  samples 
do  not  confirm  the  presence  of  the  compound  suggested  by  RBS. 
Instead  it  is  found  that  the  only  crystalline  phases  formed  by 
ion  reaction  are  of  the  cP^  structure  typo  (Fig.  4).  In  the 
Pd/Al  system,  the  broadening  of  Pd  diffraction  lines  (Fiq.  5), 
as  a  result  of  mixing,  indicates  an  enhancement  of  the  Al 
solubility  above  that  found  thermally.  In  situ  TEM  thermal 
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studios  wore  carried  out  to  determine  the  first  crystal  phase 
formed  through  thermal  reactions  (Fig-  6).  Table  2,  below, 
lists  the  results  of  this  work.  The  fact  that  fair  agreement 
exists  between  the  first  ion  induced  composition,  determined  by 
RBS ,  and  the  first  thermally  formed  compound,  suggests  th  .t 
chemical  driving  forces  are  in  operation  during  the  mix  inn 
process.  But,  the  observation  that  the  ion  induced  compositions 
do  not  correspond  to  crystal  1 inc  phases  identij icd  by  dif ! i act i  »n 
indicates  that  the  high  quench  rate,  non-equilibrium  chaructoi 
of  the  cascade  presents  limitations  on  what  phases  are  kinetically 
possible  from  a  nucleation  noint  of  view.  Fiqurc  7  presents 
the  equilibrium  phase  diagrams  for  the  metal/Al  systems  studied 
and  indicates  the  reactions  observed  in  the  bi layered  structure'.', . 

TPlf  ? 

B  ■  1_  AY  £  9  T  H  £  R  V  A  t.  6  ,C«4w  BBAV  T  A  C  T  J 0  3 


SY5"V 

FIR3T 

1  PHAfE  TEv;  1 

;  Fi^ST  \r+;  V‘V EO  1 
CCVPt  IPES'  1 

HRS*  'CM 

CRYSTALLINE  CPAS'  (TEVI 

PI/AI  j 

Pt2  A 1 3 

“'60 

a 

Ni/AI  | 

, 

fj.AI  J 

Al.j 

N,AI 

Ptf/AI 

PdA!4 

P()6.  Aljj 

! 

Pd  Al 

Reference 

i.  L.  S.  Hung,  M.  Nastasi,  J.  Gyulai,  and  J.  W.  Mayer,  Appl.  Phys. 
Lett.  4_2  (April,  198  3). 


Interdigitated  Samples,  Thermal  and  Ion  Reactions 

System  Thermal  Reactions  Ion  Beam  Reactions 

Compounds  I  Structure  500  KeV  Xe,  2x  IOl5/cm2 


Pd /A  I 


Ni/AI 


Pt/AI 


PdAlj 
Pd«  At  3 
PdAI(H) 
Pd2  Al 

NiA13 
Ni2  Alj 
Ni  Al 

PtAI2 

Pt2 Al  3 

Pt2  Al 
Pt3AI 


a  ♦  Al 

PdAI(H)  ♦  a 
PdAI(H) 
a  ♦Pd 

a  +AI 
NiAl  +  a 
NiAl 


Remarks  c,  h,  0  and  t  refer  to  cubic,  hexagonal, 

orthorhombic  and  tetragonal  F  and  P  refer  to  a! 
face- centered  and  primitive.  Numbers  refer  to 
the  number  of  atoms  in  the  unit  cell. 


Lr.tcruipiTc.teu 


sample  results  for  the  Fi/'Al,  lii  /Al  and  Ft. /A  I 


systems .  These  results  indient  e  that  only  the  comp our : -  ,  rdAl  and  T,‘;  Al , 
with  the  simplest.  structure,  e!\  (i.e.  cesium  chloride) , survive  Xe 
irra  iiation  while  compounds  with  a  r. .ore  complex  structure  demy  into 


and  elemental  material. 


a  ♦  Al  PdAUa  PdAKH) 


.v'V.  W tr  *  h.n*  :A .  ,  nj.j  rd.Al  beet 

e  i- 

deccsf-cnea  in*  T'-JAl  ( :•  '•  an  er.errhcuc 

crystalline  aft  or  irpiar.t  ;•.*  ien. 


AD- A 131  469  PROCEEDINGS  OF  THE  WORKSHOP  ON  ION  MIXING  AND  SURFACE  1/1 
LAYER  ALLOY 1NG(U)  SANDIA  NATIONAL  LABS  ALBUQUERQUE  NM  ** 

M  NICOLET  ET  AL.  06  MAY  83  DE -AC04-76DP00789 


UNCLASSIFIED 


F/G  20/8 


NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  Bu»CAu  Of  STANDARDS  -  '963  -  A 


i 
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Fir* .  RES  spectra  from  an  ion  reacted  Pd/AI  bilayer.  Step  evolution 

15  2 

in  the  spectra  resulted  from  mixing  by  1x10  Xe  ions/cm  at  600  KeV. 
Step  highs  indicate  the  formation  of  a  nixed  layer  vith  an  approximate 
composition  of  Fdr^Al 

v-  I  JJ 
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Fig.  j.  Diffraction  patterns  from  both  as  deposited  and  ion  mixed 
Fd/Al  bilayers.  After  mixing  the  diffraction  lines  become  broader 
indicating  the  incorporation  A1  into  the  Pd  lattice  beyond  the 
equilibrium  solid  solubility. 
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THFRMAL  HISTORY,  Pd/AI  BILAYER 


Pd/Pd  2  Al, 
250*C 


m 


%- 


\ 


liiiliiSSi) 


,v 


,‘te: 


IN  SITU  TEM  THERMAL  HISTORY 
800  A  /400  l 


5 

<1 

_ , _ r 

1  M 

Pd/AI  As  DEPOSITED 

Pfi/PdAlj  •  PdAS4  /Al 

200 *C 

2 

£  100 

1  i  !-•  i — 

1 1 1 1 1 1 1  in  1 1 1 p<3 

10  20  '  90  100 

TIME  (MIN) 

ATOMIC  PER  CENT  Pd 


Fir.  C.  Pd/AI  bilayer  thermal  history,  (a)  Electron  diffraction 
patterns  obtained  from  in  situ  TEM  thermal  studies  on  Pd/AI  bilavers. 
(b)  Pd/AI  phase  diagram  along  with  a  thermal  history  curve  showing 
the  phase  sequence  found  from  the  in  situ  thermal  TEM  studies.  The 
first  compound  found  to  form  thermally  was  PdAl,  . 


9-1 


TEMPERATURE  (°C )  TEMPERATURE  (°C )  TEMPERATURE (°C  ) 


1800 


composition  phase 


A!  Ptf 


Fie-  7.  rt/Ai 
obtaine-i  fro~ 


' -  n'-  -  ■ ' : 'A:  jhacc  diagranes  along  with  the  results 


r.  exrrr  ir.ents . 
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"Ion-Beam  Induced  Chanqes  in  Alloy  Composition 


L.  E.  Rohn  and  H.  Wiedersich 
Materials  Science  &  Technology  Division 
Argonne  National  Laboratory 
Argonne,  Illinois  60439 


In  general,  point  defect  fluxes  transport  alloying  com:  oner 
in  proportions  which  differ  from  the  bulk  alloy  concentration . 
Hence,  even  in  initially  homogeneous  alloys,  the  local  concen¬ 
tration  will  be  altered  in  any  region  which  experiences  a  net 
influx  or  outflow  of  defects.  Because  large  numbers  of  point 
defects  are  introduced  by  each  implanted  ion,  preferential  trar. 
port,  of  certain  alloying  components  by  persistent  defect  fluxes 
generated  durinq  ion  bombardment  can  be  highly  efficient  in 
modifying  near-surface  alloy  compositions .  This  none- j u i 1 i b r i urn 
radi  it  ion-induced  segregat  ion  (RTS)  adds  a  further  degree  <  ■  f 
complexity  to  the  ion- imp  1  an  tat  ion  process.  In  a  more  ; osit i ve 
vein,  however ,  the  established  existence  of  strong  PIS  cf  feet  r 
should  allow  certain  materials  modifications  to  be  achiew  a  mo; 
efficiently,  and  make  possible  additional  typos  of  mod  if icat i<  n 
which  otherwise  would  not  be  feasible ^ . 


Considerable  progress  has  occurred  over  the  last  few  year;- 
in  our  basic  understanding  of  RiS.  A  strong  corrt  l.Uior.  has 
coin  established  between  t  r.  •  sign  c:  I  the  lattice-  ;r.  i:,;i  it4,  ,  ;  f  ■ 
alloying  components  and  the  direction  of  segregation.  To  a 
great  extent,  elements  which  decrease  the  lattice  parameter  \  po 
alloying  are  observed  to  move  in  the  same  direction  as  the  defe 
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flux,  while  alloyinq  components  which  expand  the  lattice  are 
found  to  move  in  the  opposite  direction.  The  size-effect 
correlation  lends  stronq  support  to  the  idea  that  pr  drr^r.tnl 
transport  by  interstitial  fluxes  generally  dominates  the  segre¬ 
gation  process. 

Very  detailed  and  systematic  studies  of  RIS  have  been  per¬ 
formed  on  Ni-Si  alloys.  Rate  constants  for  the  qrowth  of 
radiation-induced  Ni^Si  surface  coatings  were  measured  and 

used  to  determine  the  dose,  dose-rate  and  temperature  dependences 

(2  3 ) 

of  RIS  '  .  Relatively  simple  models  account  quantitatively 

for  the  observed  effects  in  terms  of  point-defect  properties 
and  irradiation  parameters.  The  good  quantitative  agreement, 
between  the  models  and  the  experimental  results  provides  a 
basis  for  extracting  information  about  more  general  aspects  a 
ion  bombardment  at  elevated  temperatures  from  the  measured 
growth-rate  constants.  For  example,  most  radiation-induced 
microstructura  1  modifications  (such  as  the  coating  growth)  arc- 
driven  by  those  defects  that  escape  the  parent  cascade  and  can 
migrate  long  distances  before  annihilation.  The  RIS  results 
show  that  when  normalized  to  the  same  deposited  damage  energy, 
heavy  ion  bombardment  is  much  less  (•"  5%)  efficient  than  liaht- 
ion  bombardment  at  producing  long-range  migrating  defects.  Thus 
light-ion  bombardments  appear  advantageous  for  ion-beam  modifi¬ 
cations  which  require  long-range  defect  migration,  e.g.  modifi¬ 
cations  by  RIS  or  alloying  by  radiation-enhanced  diffusion.  This 
increased  efficiency  for  production  of  migrating  point  defects 
can  be  contrasted  with  the  observation  discussed  by  R.  S.  Averback 
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at  this  workshop  that  heavy- ion  bombardment  is  more  efficient 
for  mixing  metal-silicide  interfaces. 


The  mean  square  average  diffusion  distance  for  both 

vacancies  and  interstitials  can  be  very  large  at  elevated 

temperatures  (>  urn's  in  Is  at  500°C) .  Consequently,  defects 

which  escape  the  implanted  region  at  elevated  temperature  can 

produce  compositional  and  microstructura 1  changes  to  depths 

which  arc  much  larger  than  the  ion  range.  A  particularly 

dramatic  example  of  this  occurs  during  ion  sputtering  of  Cu-Ni 

alloys,  where  significant  changes  in  composition  arc  produced 

to  depths  which  are  three  orders  of  magnitude  greater  than  the 

implanted  layer.  Because  of  the  large  defect  mobilities,  and 

the  lact  that  diffusion  processes  must  compete  with  the  rate 

of  surface  recession,  the  effects  of  defect  production  (ballistic 

mixing),  radiation-enhanced  diffusion  and  RIS  become  separated 

spatially  during  ion  sputtering  at  elevated  temperatures,  and 

( 4 ) 

thus  can  be  studied  simultaneously  in  the  same  alloy 

Rc2  fcrcnces 

1.  h.  K.  Rehn ,  in  Mctastablc  Materials  Formation  by  Ion 
Implantation ,  S.  T.  Picraux  and  W.  J.  Choyke,  Eds.,  (Elsevier 
Science  Publishing  Co. Inc.,  New  York,  1982),  MRS  Symposia 

Vo  1 .  7 ,  pp .  17-33. 

2.  R.  s.  Averback ,  L.  E.  Rehn,  W.  Wagner,  H.  Wiedcrsich,  and 
P.  R.  Okamoto,  submittted  to  Phys .  Rev.  Bl 5 . 

3.  P.  R.  Okamoto,  L.  E.  Rehn,  and  R.  S.  Averback,  J.  Nucl. 

Mater.  108&I09  ,  319-330  (1982). 
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4.  L.  E.  Rehn,  N.  Q.  Lam,  and  H.  Wiedersich,  to  be  published. 
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Ion-beam  Induced  Changes 
in  Alloy  Composition 

[Role  of  defect  fluxes ) 


! 

|  Nonequilibrium  Effects-. 


Demixes 


I  like  ion-beam  mixing }  they  offer 
higher  efficiency ,  greater  flexibility 

^  but  may  produce  unwanted  effects 

a.  can  be  quite  large 

b.  can  be  understood  in  simple  terms 

Talk  -+■  2  parts 

I.  Radiation-Induced  Segregation-Ni(Si) 
H.  Sputtering  of  C u-Ni  Alloys 

H.  Wiedersichf  R.  S.  Averback,  PR.  Okamoto 

V 


7.)  Radiation-Induced  Segregation 

Preirrdd/atiOh 


Unders/'Fe 

(Si) 

Oversilt 

(A\) 


■ (Ni) 


Ions 


Defect  Sinks 


‘  :  •  •'  *  <s>  :  xy 


•  *  jr  •  *  A  • 

•  •  •  «  •  \A\  .  • 

<*>• 


-JwU- 

Defect  Sources 


0 


Rutherford  Backscatteriny 
Thickness 

A*>  Growth  Rote  Constant 

i  i  i  : 

2  MeV  7Li  + 


(DOSE)’72  (dpo'72) 


GROWTH  RATE  (nm/dpo 


Dose-Rate  Dependence 


l.o  1.2  1.4  1.6 


T"'(I05K  ') 

Con  determine  production  efficiency 
for  long-range  migrating  defects  / 


Light  ions  (Low  Energies )  are  advantageous 
’ for  RED/R1S  Modifications 

NB:  Opposite  to  metoh siiicide  mixing  (W-7 

R.S.  Averbach 


y-7w  for  Hy~ leVj  i*  Is 


Spat/Ql  Dependence  of  Dominant  Effect 
(At  Steady  State) 


Sputtering  Co -.5V»»0 

Mixing- defect  production  (o -3nm) 


* 

V.  Radiation-induced  Segregation  f.a- 3pm) 


Mixing- defect  migration  L?-Honrn) 


Sputtering  lime  ($) 
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"High  Energy  Heavy  Ion  Induced  Enhanced  Adhesion 


Marcus  H.  Mendenhall 
California  Institute  of  Technology 
Pasadena,  California  91125 


DESCRIPTION 

\, 

Interfaces  boirbarded  with  ions  in  the  electronic  stopping 
regime  (E  100  keV/amu)  can  be  bonded  together  quite  strongly. 
Metal-metal,  metal-semiconductor ,  metal-dielectric  and  dielectric- 
dielectric  combinations  have  been  successfully  bonded. 

T 

ADVANTAGES  OVER  LOW  ENERGY  TECHNIQUES 

1)  The  technique  is  universal:  All  tested  combinations 

of  materials  show  enhanced  adhesion  including  difficult 
systems  such  as  Ag  on  Si. 

2)  Very  low  beam  dose  required  on  many  systems:  For  Au 

11  2 

on  Ta ,  20  MeV  Cl  requires  only  2  *  10  /cm  ions. 

1  3  2 

For  Au  on  PTFE ,  1  *  10  /cm  of  1  MeV  protons  is 
suf  f icient . 

3)  Low  damage  to  conductive  materials  -  High  energy  heavy 
ion  beams  do  not  significantly  sputter  or  disrupt  metals. 
This  allows  thin  optical  films,  for  example,  to  be 
processed  without  major  changes  in  optical  properties . 

4)  Long  Beam  Range  -  Beam  p>articles  are  implanted  about 
10  pm  into  the  target,  allowing  fairly  thick  films  to 
be  bonded. 
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5)  Very  shallow  mixing  depth: 


No  mixing  has  been  seen 


at  the  2  nm  level  on  bonded  systems.  Any  mixing 
occurring  is  expected  to  have  much  shorter  range 
than  this  since  ions  in  the  electronic  stopping 
power  reqime  do  not  produce  many  high  energy  recoil 
particles . 

DISADVANTAGE  OVER  LOW  ENERGY  TECHNIQUES 

1)  High  energy  ion  beams  require  very  large  accelerators 
which  are  expensive  and  produce  hiah  radiation  levels, 
requiring  substantial  shielding. 
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Table  1 

Material  Combinations  Tested 
for 

High  Eriegy  Heavy  Ion  Induced 
Enhanced  Adhesion 


Table  1  lists  the  various  substrate,  film  and  beam  combinations  we  have  tested 
for  enhanced  adhesion.  In  the  dose  column,  numbers  preceded  by  -  or  &  have  been 
measured  using  movable  slits  to  define  the  beam  shape,  so  the  actual  dose  is  not  well 
known.  Numbers  preceded  by  <  have  been  tested  at  the  dose  shown,  and  show  adhe¬ 
sion,  but  lower  doses  have  not  been  tried  so  the  threshold  may  be  much  lower 
Numbers  without  any  prefix  represent  values  measured  as  described  in  £4  d  and 
should  be  reliable  to  VS.  All  numbers  repiescnt  the  dose  required  to  pas?  the  "Scotch 
Tape"  test. 
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B 


Substrate 


Film  Beam 


Dose 
(II /cm2) 


Comments 


Au 

Si,  n-type  10  D-cm 

Ag 

20  VI  cV  Cl 

20  MeV  Cl 

-bx  1 014 

22x;015 

Residual  adhesion  is  very  good 
Unirradiated  samples  often  pass 
tape  test. 

Very  low  residual  adhesion  except 
when  sample  not  rinsed  in  methanol 
after  HF  dip  Then,  residual  adhe¬ 
sion  is  near  the  tape  threshold. 

Au 

10?  MeV  Kr 

bx  1 O'2 

9 

Au 

87  MeV  Ar 

2  8x1  O'3 

0 

Au 

27  MeV  ar 

2x:  O’3 

0 

Au 

20  MeV  Cl 

2.bx  l  O’3 

Au 

7.2  MeV  Cl 

•1  bx  1 013 

Au 

3  2  MeV  Cl 

fix:  o’3 

Au 

12  MeV  F 

7x  10'3 

Ta 

Au 

3  7  MeV  F 

1  3x10 11 

Au 

3f>  MeV  0 

1  x  1 0M 

0 

Au 

1  MeV  lie 

nx-n'3 

Au 

1  MeV  H 

3x1  O'6 

Peak  adhesion  is  very  weak  Very  lit 

Ag 

20  MeV  Cl 

e ;  x  •0U 

tie  material  is  left  after  the  tape 
test,  but  there  seems  to  be  a  real 
threshold  for  noDe  vs.  what  little 

remains 

*  Berkeley  run:',  listed  doses 

adjusted  d..v. 

n  from  me 

asured  value  by 

0.  )  to  br,r';^  77  V-.-V  \ r  D'  in*  ;■ 

to  lint  vs'h 

C’T  data. 
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Table  1 
(cont'd) 


Substrate 

Film 

Hearn 

Dose 

(I/cm2) 

Comments 

Au 

3  07  MeV  Kr 

1.5X1013 

• 

Au 

20  MeV  Cl 

bx  3  014 

Fused  Si02 

Au 

12  MeV  F 

>5X3  0'° 

No  adhesion  observed  with  3  2  MeV  F 
beam. 

Au 

27  MeV  Ar 

-3x3  014 

Ag 

20  MeV  Cl 

<2xiOu 

!nP  p-type  .001  D-cm 

Au 

20  MeV  Cl 

<t>x  3  O'4 

flaAs.  heavily  doped 

Au 

20  MeV  Cl 

*,;*3014 

\Y 

Au 

20  MeV  Cl 

<ix:o14 

Tenon8  Au 

Polvtctrafluoroethvlene . 

Au 

1  MeV  H 

3  MeV  lie 

sax  i  o'3 

<C*‘0’4 

Higher  doses  burn  substrate 

Topaz 

A1-:Si(VO!!.F)2 

Au 

20  MeV  Cl 

~5xl  0,s 

Pd 

20  MeV  Cl 

<:x:o15 

Aiaoa 

Ag 

20  MeV  Ct 

V  >:3  0,s 

Alumina /Silica/ 

Magnesia 

Glass-C'cramic 

Cu 

20  Met  Cl 

<33x:o''> 

Ferrite 

Au 

20  MeV  Cl 

"3x3  0’5 

h Carbon 

Ag 

20  MeV  Cl 

"3x3  015 

’ITiesc  films  seem  to  decompose 

(See  §2.1.4) 

under  irradiation  The  adhesion  was 
at  best  weak,  and  where  the  metal 
peeled,  the  1-carbon  had  turned  dark 
brown  underneath  1  suspect  that 
the  films  were  reverting  to  graphite 
(as  diamond  is  wont  to  do) 
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Figure  10 

Expanded  View  of  Ag  Edge 
on 

Backscattering  Spectrum 
from 

Multilayer  Ag/Si  Target 
(sec  §4.1.2) 


This  spectrum  is  an  expansion  and  comparison  of  the  high  edge  of 
the  silver  peak  from  an  irradiated  and  nnirradiated  part  of  the  target 
The  curve  plotted  with  the  symbol  +  is  from  the  irradiated  area.  The 
curve  plotted  with  the  symbol  *  is  from  the  unirradiated  area.  The  + 
curve  is  not  raw  data;  it  has  been  translated  along  the  x-axis  by  1.7  chan¬ 
nels  to  the  right  and  interpolated  back  to  integral  channel  numbers  to 
remove  the  effects  of  the  slight  carbon  buildup  on  the  target.  Note  how 
well  the  edges  agree;  there  is  no  visible  evidence  for  any  broadening  that 
might  be  caused  by  mixing. 

The  +  curve  is  3-Mar-1903  run  7,  interpolated 
The  *  curve  is  3-Mar- 1983  run  10 
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Figure  21 

Plot  of  Hearn  Dose  Required  to  Pass  Tape  Test 
vs. 

d  K/  dx  for  the  Ion  Beam 
on  Au  on  Ta  Targets 
(see  §4.3) 


This  plot  shows  the  dependence  of  beam  dose  required  to  produce 
sufTieient  adhesion  to  pass  the  "Scotch  Tape"  test  on  the  energy  loss  of 
the  It  -n  The  points  plotted  are 

1  20  MeV  Cl 

2  7.2  MeV  Cl 

3  3.2  MeV  Cl 

4  1 2  MeV  V 

o  3.7  MeV  F 

6  1  MeV  H 

7  1  MeV  He 

A  107  MeV  Kr  • 

B  3b  MeV  0  ♦ 

C  27  MeV  Ar  * 

D  87  MeV  Ar  * 

and  the  line  plotted  is  Dose  =  4.2*1 0,4(rf  F/ rfx)“1,65.  The  point  for  pro¬ 
tons  has  substantial  uncertainties,  since  the  peak  adhesion  for  protons 
was  very  weak.  However,  the  rest  of  the  points  should  be  reliable  to 

i'  hin  V2.  < 

Ail  points  marked  *  above  were  run  on  the  LBL  88"  Cyclotron.  As  is 
described  in  §4.3,  they  have  been  adjusted  downwards  by  a  factor  of  2  so 
that  the  27  MeV  Ar  point  lies  on  the  curve  from  data  obtained  at  Caltech 
If  the  adjustment  is  omitted,  the  slope  of  the  curve  docs  not  charge 
significantly  (since  all  the  I.BL  points  are  internally  consistent  with,  tlr.s 
slope),  but  the  multiplier  for  the  doses  increases  by 
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Fig.  6. 


Fluence  dependence  of  oxygen  recoil  ioplentatioi 
and  oxygen  enhanced  xenon  collection  in  silicon 


from  K.  Wittmaack  and  F.  Blank, 

Ion  Implantation  in  Semiconductors , 


Boulder  (1976) ,  p.  363. 


AUGER  DEPTH  PROFILE  OF  304  STEEL 
MPLANTED  WITH  Ti  (5  x  I017/cm2  AT  ISO  keV) 
!\i  PRESENCE  OF  13CO  GAS  (o  ~  4  *  10'6  Tdrr) 


SPUTTERING  TIME  (MIN) 


POTENTIAL  (X 100  mV).  SCE 


20 


15 


10 


5 


0 


-5 


-10 


SOLUTION:  0.01  M  Buffered  No  Cl 
pH:  6.0 


Cr  Metal 


1 _ l _ l _ 1 _ I 

/  10  I02  10 3  JO4 

CURRENT  DENSITY  (nA/cm2) 


Fit;.  10  Anodic  polarization  curves  of  intermix  52100  bearing  steel  in 

0.01  M  NaCl  solution  buffered  at  pH> ^  with  cathodic  pretreatment 
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-  Iron-based  alloys  implanted  with  1  i  and  C  arc  of  increasin': 
interest  because  of  their  favorable  surface  properties^  . 
Similar  improved  surface  properties  are  found  for  alloys  into 
which  only  Ti  war  deliberately  implanted,  but  which  also  acquired 
C  at  the  surface  durinq  the  implantation'  -  .  Most  notable  of 

these  properties  mv  reduced  friction  coefficients  and  wear  depth 
relative  to  values  for  the  un imp lan ted  surface.  Friction  is 
typical ly  reduced  by  '  50,  and  wear  by  up  to  901  in  unlubriea?  • 

:  Ln-on-d  isc  tests  when  the  discs  arc  implanted.  Moreover,  thes< 
results  are  obtained  on  a  wide  range  of  steels  (Knoop  hardnesses 
from  180  to  789)  with  both  hard  and  soft  pin  materials  (440C  and 
304  stainless  steels,  respectively).  Tests  at  other  laboratory  s 
on  52100  bearing  steel  show  reduced  wear  and  reduced  friction 


during  lubricated  testing  as  well 


(  3  C  7  f 


It  is  of  further  interest  to  compare  the  mechanical  test 
results  with  Ti  and  C  implantations  to  those  with  N  implantation, 
which  is  more  commonly  used.  Studies  of  the  latter  treatment 
demonstrate  reduced  wear  on  mild  steels,  but  results  are  mixed 
on  304  s*  a  inless  stool  nr.d  transformation-hardened  steels.  For 
instance.  Type  52100  shows  no  reduction  in  wear  '  .  Furthermot 
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N  implantation  in  most  instances  does  not  reduce  friction 


(3,7,8) _ 

Thus  surfaces  alloyed  with  Ti  and  C  appear  very  promising 
for  reducinq  wear,  because  of  their  applicability  to  many  steels, 
and  also  for  reducing  friction.  While  these  effects  have  been 
demonstrated  on  ion-implanted  surfaces,  alloys  with  the  same 
properties  might  be  obtainable  by  other  methods,  such  as  sputter 
or  vapor  deposition  or  ion  beam  mixing  of  deposited  layers.  The 
deposited  layers  offer  the  potential  for  thicker  surface  alloys, 
which  could  extend  the  beneficial  effects  to  greater  wear  depths. 
Recent  transmission  electron  microscopic  (TEM)  examinations 

of  f.c.c.  304  implanted  with  Ti  and  C  show  that  the  surface  alloys 

(9) 

is  amorphous  .  Furthermore,  wear  tracks  on  discs  produced  by- 
light  pin  loads  and  showing  reduced  wear  were  observed  to  have  a 
nearly  continuous  amorphous  layer  across  the  track  Wear 

tracks  due  to  heavier  pin  loads  do  not  show  reduced  wear;  no 
amorphous  layer  and  greatly  reduced  Ti  contents  were  found  in 
those  tracks.  We  have  also  run  pin-on-disc  tests  with  devitrified 
304  ( T i ,  C )  ;  these  tests  showed  no  reduction  in  friction,  thus 

demonstrating  that  the  amorphous  phase  is  required  for  this 

( 9 ) 

property  .  Thus  all  evidence  to  date  indicates  that  reduced 

friction  and  wear  are  the  direct  result  of  the  amorphous  phase 

(3  t ) 

with  Ti  and  C.  The  observed  amorphization  of  b.c.c.  Fe  '  , 

f.c.c.  304  ^^  and  b.c.t.  (martensite)  52100  ^^  suggests  that  a 
similar  amorphous  layer  is  formed  on  all  the  steels. 

★ 

This  work  was  performed  at  Sandia  National  Laboratories  and 
supported  by  the  U.S.  Department  of  Entt  under  contract 
#DE-AC04-76DP00789. 
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WEAR  AND  FRICTION  SUMMARY 


N  IMPLANTATION 

-  OFTEN  REDUCED  SLIDING  WEAR  (BUT  NOT  52100) 

-  USUALLY  NO  REDUCTION  IN  FRICTION 

Ti  +  C  IMPLANTATION 

-  UNLUBRICATED  REDUCED  WEAR  IN  WIDE  RANGE  OF  STEELS 
(KNOOP  HARDNESSES  180  -  789) 

-  UNLUBRICATED  REDUCED  WEAR  WITH  BOTH  HARD  (HHOC) 
AND  SOFT  PINS  (30R) 

-  REDUCED  ABRASIVE  WEAR 

-  REDUCED  LUBRICATED  WEAR  (52100) 

-  REDUCED  UNLUBRICATED  FRICTION  (ALL  STEELS) 

-  REDUCED  FRICTION  IN  HEXADECANE 

Ti  +  C  SURFACE  ALLOYS  LOOK  PROMISING,  BUT 

-  Ti  IS  RELATIVELY  MORE  DIFFICULT  TO  IMPLANT 
THAN  N 

-  THIN  IMPLANTED  LAYERS  0.1  um)j  Ti  DIFFUSION 
INWARD  NOT  EXPECTED. 

•  ION  BEAM  MIXING  MIGHT  BE  USEFUL  IN  PRODUCING  THICKER 
LAYERS  WITH  LOW  ION  FLUENCES  OF  READILY  IMPLANTED 
SPECIES. 


Pigun  X*  a)  Bctwmtic  crow  net  1m  of  the  edcroetructur*  observed  by  TPM  in 

304(Ti,C) •  b)  Bright  field  TTM  micrograph  shoeing  amorphous  layer  (light 

and  thicker  (darVer)  area  khich  include*  the  crystalline  substrate.  c)  EU>  epectnsB 


SCHEMATIC  Of  304  S  3. 
IMPLAHTED  WFTH  T1  A  HO  C 
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MW 
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frem  the  anorpheu*  layer,  d)  Darv  field  TEX  micrograph  in  **iich  bec  particle 
In  the  eitetrate  ere  illundnetad. 


MICROSTRUCTURE  OF  WEAR  TRACKS  IN 
304  S.S.  IMPLANTED  WITH  Ti  AND  C 


23.6  gm  Pin  Load,  Wear  Depth  <  0.15  pm 


304  Disc 

Implanted  With  tem 
2  X  1017  Ti/cm2, 
180-90  keV 
and 

2  X  1017  C/cm2, 

30  keV 

(-20  at  %  Ti  and  C) 

•  WEAR  TRACK  TE° 
IS  A  NEARLY 
CONTINUOUS 
AMORPHOUS 
LAYER 


a)  SF.M  and  b)  TEM  micropraphs  from  the  same  area  of  the  wear  track 
made  with  a  440C  pin  and  21.6  p  load,  c)  and  d)  Electron  diffrac¬ 
tion  pattern*?  from  the  area-.  Indicated  in  b). 
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A 

J 

There  are  two  possi!>'<  g  pro. mhos  to  a;  plying  ion  implan¬ 
tation  to  the  mod if ieat ion  of  *  he  corrosion  behavior  of  metals 
and  alloys.  The  first  y  :  i  evict,  is  to  use  ion  imp]  antnt x-  tr' 
produce  motastublo  or  amorphous  corrosi  or.-res  istant  surf  nc 
alloys  that  are  inaccess  1 1. 1  •  i>y  conventional  metallurgical 
techniques,  and  to  apply  then  to  specific  applications  where 
corrosion  is  a  severe  problem.  Secondly,  and  of  a  more  funda¬ 
mental  nature,  ion  implantation  can  be  used  to  introduce  con¬ 
trolled  amounts  of  various  elements  into  the  surface  of  a  metal 
as  part  of  a  research  effort  to  identify  the  mechanisms  responsi¬ 
ble  for  certain  forms  of  general  and  localized  corrosion.  The 
technique  of  alloying  to  produce  more  corrosion  resistant  materials 
is  widely  used  and  the  choice  of  a  particular  alloying  element  is 
usually  based  on  the  fact  that  it  will  enhance  the  formation  of  a 
passive  film  or  will  reduce  the  rate  of  the  various  cathodic  pro¬ 
cesses  that  occur  on  the  metal's  surface.  It  is  also  possible  to 
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reduce  the  over--.il  crrosion  rate  by  introducing  an  element  that 
displays  rapid  cathodic  k i net i<  3,  but  it  is  essential  that  the 
original  material  passivate  in  the  corrosive  environment  that  is 
being  considered. 

Aqueous  corrosion  proceeds  through  an  electrochemical  mech¬ 
anism  and  the!  .'  00  v.u  ious  types  of  electrochemical  techniques 

used  to  evaluiti-  the  corrosion  resistance  of  alloys.  Lineai 
pol  ari/.-it  ion  ar..:  T  \  f  •  1  r<  lion  extrapolation  have  been  used  to 
«.  v.<  1  un*  •  •  bi-i  iiy  F-V-To  ami  Ki-Ti  surface  alloys  formed  by  ion 
implant.. it  ion .  The  mst  ant  aneous  corrosion  rate  of  the  Fe-Pb 
alloys  in  " .  1  If  :i. nO.  w-  is  approximately  3  to  4  times  lower  than 

4 

that  of  ;nn  •  lion.  The  re  son  for  this  is  a  decrease  in  the 
hydrogen  exoh  m  :•»  current  density  caused  by  the  presence  of  the 
lead.,  which  is  .  ;  for  the  hydrogen  evolution  reaction. 

The  corrosion  r  it.-'  <>f  t  he  !'■  --Ti  alioys  was  approximately  two 
times  h  i  ghi  ••  '  ha:;  t.h.e  «:  irc-n .  Auger  analysis  of  the  Fe-Tr 
alloy  before  o:::  ♦  the  acid  solution  indicated  that  TiC 

was  in  the  re. : ion  about  4 .  ">  to  34  nm  from  the  surface.  SEM 
analysis  f . » 1  li-win-i  'ho  ■  - 1  n't  rochemica  1  tests  revealed  the  pre-sen- 
of  square  fl.ii-L  d  tor. mi  pits,  a  morphology  which  is  usually 
associated  with  inclusion  etch  pits.  Thus,  it  is  proposed  that 
the  square  :  its  may  have  been  formed  as  TiC  precipitates  were 
etched  from  *.h.->  sample  surface. 

The  mol  i'.*  avion  >4  7. 1  r con ium  into  iron  reduces  the 
cor  ton  10-a  nti  !  v  an  order  of  magnitude  by  enhancing  the  rate 
of  pass  1  vat.  ion  in  ...  ]  N  solution.  The  corrosion  rate  is 

still  -nns  i  di  r .  1 :  ■  1  a  higher,  however,  than  that  observed  for  an 
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amorphous  FOg^Zr^  coating  oven  though  the  near-surface  concen¬ 
tration  of  Zr  in  the  implanted  sample  was  estimated  to  be  20  to 
30  atomic  percent. 

The  implantation  of  Ti  into  52100  steel  results  in  the 
formation  of  an  amorphous  Ti-Fe-C  surface,  which  provides 
modest  improvements  in  corrosion  resistance  in  1  N  l^SO^  and 
0.1  N  NaCl.  The  anodic  current  density  in  both  solutions  is 
about  10%  that  of  unimplanted  52100  steel,  up  to  an  anodic  over¬ 
potential  of  about  800  mV.  Pitting,  which  is  initiated  at  low 
'•werpotentials,  leads  to  undermining  of  the  implanted  layer  and 
its  eventual  peeling  off  at  higher  potentials.  Detailed  optical 
and  surface  analytical  studies  show  that  the  pitting  initiates 
at  surface  flaws,  which  are  most  likely  surface  carbides  or  oxide 
inclusions.  Galvanic  action  between  free  Ti  beneath  the  pitted 
amorphous  film  and  Fc  in  the  bulk  steel  thus  leads  to  undermining 
•f  the  imorphous  layer. 

The  effect  of  the  implantation  of  various  ions  on  the  pit¬ 
ting  corrosion  resistance  of  52100  steel  in  a  0.01M  NaCl  solution 
has  been  investigated.  Molybdenum  implantation  provided  vorv 
little  improvements;  however,  a  combination  of  both  chromium 
and  molybdenum  significantly  increased  the  breakdown  potential 
for  initiation  of  pittincj  corrosion.  Finally,  tantalum  implantation 
proved  to  be  the  most  effective  in  protectmo  the  surface  of  the 
52100  from  pitting  corrosion. 

★ 

PrO'Sent  Add -oss;  Naval  Research  Laboratory,  Code  6075,  Washington, 
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TABLE  1 .  -  Corrosion  rates,  expressed  in  mils/vear,  in  0.1  N  H„SO 
for  several  different  metals  and  ion-implanted  allovs 
using  two  different  rest  methods,  Tafei  extrapolation 


and  three-point.  linear  polarization 


Test 
me  tl.od 

Fe 

Fe-Pb 

Pb 

Fe-Ti 

Ti 

Tafei 

extrapolation.  . 
Linear 

po  lar iza  t  ion .  .  . j 

50±  2 

32±° 

1  2±  2 

1 6  ±  1 0 

0.42±0. 19 

(J.) 

mm 

HB 

0. 69tn. 04 

0. 9fit  0. S2 

Could  not  measure  corrosion  rate  due  to  cathodic  Tafei  slope  being 


inde  termi na  te . 


POTENTIAL  (mV) 


Idealized  potentiodynar.ie  polarisation  scan  (current  vr.  vo]tn,- 
cha x  ac ten s h .1  c )  for  n  ferrous  alloy  in  lh  }\~?C7,S'  at.  roc?L  temper 
The  dashed  lino  indicates  an  improvement  in  the  passivity  c f  t 
surface  and  therefor0  imrr^ved  corrosion  res  is  tat',  re  * 
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CURRENT  DENSITY,  A/cm* 


3.  Current  density  function  of  sample  potential  for  Fe,  I;, 

and  Yr  irr.y  lar.4*.  :  wi4h  '<■'  koV  Pb+  sue!-,  that  the  final  retained 
war  ].*  x  1C ! '  ‘  a  tors /cm4-'.  The  potential  is  shown  as  volt 
f"  -  the  s*ea  iy-r4  a*.t  or«.  n-circuit  potential.  The  dashed  Hr.4 
re;  re t.  t  r.e  ext  rap  ” 2 at. !<•>».  from  the  Taf-.  i  region  cf  each  curv 


•0.07  -0.05  -0  03  -0  01  0  0.01  0  03  0  05  0  07 

POLARIZATION,  V  versus  N.H.E. 

FIGURE  4  .  Current  density  as  a  function  of  sample  potential  for  Fe.  7; , 

and  Fr  ir.plnr.ted  with  50  keV  Ti+  to  a  total  retained  dor-  of 
7  x  10* fr  atorr/ert',  wit’  the  potential  shown  as  volts  fr-T  the 
SoOC  potent  ini . 


144 


5 


CURRENT  DENSITY  (mA/cm2) 


FIGURE  7  .  Anodic  potcrstiodynasic,  [.<'>luri2nti  in  -urvos  for  unimplant 


POTENTIAL  (mV) 


CURRENT  (flA/cm*) 


POTENTIAL  (mV) 
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V, 


"Ion  Beam-Enhanced  Deposition  and 
Ionized  Cluster  Beam  Deposition" 


J.  K.  Hirvonen 
Zymet ,  Inc. 

Danvers,  Massachusetts  01923 


A.  Ion  Beam-Enhanced  Deposition  -  ..  :  ■ 

(See,  Pranevicius,  Weissmantal,  Colligon,  Cuomo,  others?) 

1,  Major  Features. 

■  / 

-  Transcends  advantages  of  conventional  coating 
processes  and  ion  implantation. 

-  Already  demonstrated: 

•  "Diamond- like"  carbon  (i-c)  quasi-amorphous 

•  Cubic  boron  nitride 

•  H-tSi 

-  Advantages: 

•  No  limit  to  coating  thickness 

•  Controllable  stoichiometry 

•  SUPERIOR  ADHESION.' 

•  High-density  coatings 
Low-temperature  process 

2.  Application  to 'Wear-  and  Corrosion-Resistant  Coatings. 
Examples: 

Ti,  Hf,  Si  +  N  - *  TiN,  HfN,  SI3N4 

PVD  +  Ions  - >  Enhanced  coatings 


1  so 


The  Ion  Beam: 

•  Provides  chemical  doping  ,  and 

•  Promotes  nucleation  and  kinetics  of  film 

GROWTH  TO  HIGH-TEMPERATURE  REGIME  WHILE 
SUBSTRATE  REMAINS  AT  LOW  TEMPERATURE 

3.  Variables  to  be  Studied. 

•  Optimum  fluxes  of  ions  and  deposited  atoms 

•  Characterization  of  microstructure 

•  Effect  of  ion  species  and  energy  on 
thin-film  structure  (100  eV  -  10  keV) 

•  Mechanical  integrity  of  coating 

B.  IONIZED  CUSTER  BEAM  DEPOST  I  ON 

(See,  T.  Takags,  19th  University  Conference  on  Ceramic 
Science,  November  8-10,  1982,  Jane  S.  McKimmon 
Center,  North  Carolina  State  University,  North 
Carolina) 

1.  Major  Features. 

-  Ability  to  adjust  average  energy  per  deposition 
atom  over  0.01  -  100+  eV  range 

-  Effective  conversion  of  cluster  kinetic  energy  to 
adatom  surface  energy  due  to  snowball  effect 

-  Inherent  cleansing  action  by  sputtering  and  micro¬ 
scale  heating 

-  Enhanced  reactive  processes  due  to  ionic  charge 
presence 
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2.  Technical  Prospects. 

-  Bl'LK  material  properties 

-  Control  of  morphology 

-  Selection  of  growth  structure 

-  High  temperature  equivalent  processes  at  low 
temperature 

-  Process  cleanliness 

-  Efficient  reactive  formation 

-  Convenient  doping 

-  Quantitative  parameters 

-  Automation 

-  Closed-loop  control 

-  Material  use  efficiency 

-  Currently  R&D  applications 

-  Scale  up  capability 

-  Versatility 


F  i'jure_Ca£t  ions_ 

Figure  1  Lon  beam-enhanced  deposition. 

Figure  2  Ionized  cluster  beam  deposition. 

Figure  3  Cluster  impact  phenomena. 
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BEAM 


EVAPORATION 
OR  SPUTTERING 


SUBSTRATE 


l ■  IV  - 


ADP001665 


The  program  on  ion  implantation  and  ion  beam  mixing  has 
concentrated  on  three  areas  of  major  applications:  improvement 
of  wear  properties,  specifically  cemented  carbide  tools;  oxidation 
resistance  for  gas  turbine  applications;  and  bonding  of  metal  to 
ceramics . 

The  first  slide  lists  the;  major  species  wo  have  beer,  experi¬ 
menting  with  ("Recoil  Implantation  Areas"). 

To  allow  a  routine  of  recoil  implantation,  the  pertinent 

parameters  should  be  known.  Our  simple  minded  view  of  recoil  is 

shown  in  the  next  two  vu-graphs  ("Coating  -  Substrate"  and 

"Solution").  We  assume  a  modified  diffusions!  mixing  where  a 

balance  has  to  be  obtained  among  the  various  processes,  i.e.  - 

rate  of  surface  recession  by  sputtering  (V)  and  the  forward  motion 

of  the  mixed  ion  by  an  effective  dif fusivity ,  D,  and  is  defined 

as  the  sputtering  efficiency,  1  is  the  dose  and  „  -  the  atomic 

volume.  The  "Solution"  page  shows  that  the  problem  is  reduced 

to  solution  in  terms  of  one  parameter  -  a/~D~  ,  where  W  is  the 

vw 

thickness  of  the  deposited  film. 

The  next  three  graphs  ("Recoil  Implantation  Concentration 
Profiles"  for  Cr,  Mo,  Cr)  show  typical  calculated  recoil  profiles 

1 


for  Cr  recoiled  with  three  different  gases,  with  the  parameter 
decreasing,  respectively  from  0.58  to  0.28.  This  demonstrates 
that  the  best  mixing  of  Cr  is  to  be  obtained  with  N  gas. 

The  last  set  of  slides  ("Metal-Glass  Bonding",  "Au  on  SiO^ 
evaporation,  sputter  deposited ,  and  flat  faced  pins  glued  on 
implanted  and  unimplanted  Au  films")  show  a  progression  of  an 
experimental  program  to  bond  Au  to  glass.  The  glass  is  siani : 1 
cantly  weakened  by  the  process  of  recoil. 

The  last  slide  ("Recoil  Implantation  of  Carbon  ...")  shows 
an  expected  result  re- incorporation  of  carbon  into  the  matrix 
of  steel  during  N  implantation  due  to  ambient  residual  carbon 
on  the  surface. 
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RECOIL  IMPLANTATION  AREAS 


Species  Implanted 
B 
Y 

Cr 

Ti 

Cr 

Hf 

Hi 

Ni 

Au 


Substrate 

steel 

Ni-Cr-Al  alloys 
Cu 
W  C 
WC 
WC 

S  i  O2 

Si3N4 
S  i  02 
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Au  on  S102 


Experiment: 

-500  A  Au  evaporated  onto  S102 
-Ar+  Ion  implanted  to  1  x  1016  ions/cm2 
a+  100  keV 


Results: 

-Unimplanted  Au  film  easily  removed  by  single 
adhesive  tape  test 

-After  implantation,  Au  film  adherent,  unaffected 
by  multiple  tape  tests 

-Au  film  sputtered  nonuniformly  during  implantation 
due  to  poor  initial  adherence  of  film 
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Au  on  Si02 

Experiment : 

-500  A  Au  sputter  deposited  on  Si02 

-Si02  precleaned  in-si tu  by  sputter  etching 

-Ar+  ion  implanted  to  1  x  1016  ions/cm2  at 
100  keV 

Results: 

Both  implanted  and  unimplanted  Au  films  strongly 
adherent.  Impossible  to  remove  either  film  with 
any  type  of  tape. 
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Au  on  Si02 


Experiment: 

-Flot  faced  pins  glued  on  implanted  and  unlmplanted 
sputtered  Au  films. 

-Pins  pulled  in  tension  to  test  adherence  of  films 

Results: 

Failure  Stress 
(Average  of  five  tests) 

Unlmplanted  Implanted 

814  s  142  psi  308  -  88  psi 

Glue  failure  Glass  fracture 

In  both  cases,  film  not  removed  from  Si02. 
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